T he hypothalamic melanocortin 4 receptor (MC4R) pathway plays a critical role in controlling food intake and energy expenditure through brain periphery signaling networks. Genetic case studies of several monogenic forms of early-onset obesity have revealed the significance of loss of function (LoF) mutations within the MC4R pathway, including leptin, the leptin receptor (LEPR) (1), pro-opiomelanocortin (POMC) (2), prohormone convertase 1 (PCSK1), and the MC4R genes (3-6) ( Fig. 1) , with clinical examples described in the literature (7) (8) (9) (10) (11) (12) . Leptin, a hormone released from white adipose tissue, regulates appetite and energy expenditure in part through engagement of its cognate receptor, LEPR, expressed on arcuate nucleus POMC neurons (13) . POMC is processed into multiple neuropeptides by enzymes including the prohormone convertase PCSK1. The POMC-derived neuropeptides, a-and b-melanocyte-stimulating hormone (MSH), activate MC4Rs on second-order neurons to induce satiety and increase energy utilization, thereby promoting weight loss (14) . Inactivating mutations in these key MC4R pathway genes result in early-onset obesity, providing clinical validation of the MC4R pathway as a therapeutic obesity target. Preclinical (15) and clinical studies (1) (2) (3) indicate that the MC4R agonist setmelanotide (also known as RM-493 or BIM-22493) is effective at promoting weight loss in patients with diverse MC4R pathway deficits.
Setmelanotide phase II studies have demonstrated a more dramatic clinical benefit in patients with POMC (1) or LEPR deficiency (2) when compared with setmelanotide treatment in general obesity or MC4R haploinsufficiency obesity (3) . Given our lack of understanding of the genetic factors that predispose to severe obesity, we initiated a genetic epidemiological analysis of MC4R pathway defects (in POMC, PCSK1, or LEPR genes) to determine their contribution to severe obesity.
In addition to deepening our understanding of the genetics underlying obesity, such efforts could identify biologically rationalized subpopulations of individuals who may benefit from a precision medicine strategy that seeks to pharmacologically compensate for genetic MC4R pathway deficits. Genetic defects in the MC4R pathway leading to setmelanotide-responsive obesity [LEPR, POMC, and MC4R (1) (2) (3) ] are predicted to include PCSK1 deficiency (16, 17) , Magel2 deficiency (15) , and, based on our clinical data, Bardet Biedl syndrome (BBS) (18) . In this study, initiated in late 2012, we performed an epidemiological analysis of MC4R pathway genetic variants in the LEPR, PCSK1, and POMC genes, identified in multiple biobanks, to build a real-world understanding of the prevalence and impact of MC4R pathway defects on the obese patient population. Identification and characterization of LoF variants in this pathway may increase our understanding of the control of energy balance and may predict a subset of patients responsive to MC4R agonist therapy.
Materials and Methods

Compilation of LoF variants for POMC, PCSK1, and LEPR
Obesity LoF variants were curated via personal communication, a PubMed search for association and functional studies, and searches of databases including the Human Gene Mutation Database (19) and ClinVar (20) . An additional search was done for any potential LoF variants not reported in the literature but seen in one of our cohorts. We used SnpEff version 4.0b (21) to define nonsense, frameshift, and splice site variants, and WuXi NextCODE DeepCODE (likelihood scores .0.90) to define likely functional missense variants as described in Supplemental Materials and Methods. These variants were classified into two groups based on the nature of the supporting evidence for LoF (Table 1) . Group 1 includes variants experimentally validated as LoFs in the literature and any additional variants encoding nonsense, frameshift indel, or splicing altering variants that, based on previous published protein functional studies, can be confidently predicted to be LoF. Group 2 includes predicted LoF missense variants with a high functional impact based on a Deep Artificial Neural Network, DeepCODE algorithm (Supplemental Materials and Methods).
Key criteria for defining LoF group 1 variants
The criteria by which all nucleotide sequenced DNA will be interpreted and will be considered for LoF status include the following:
• Being positive for a mutation (nonsense, insertions, deletions) that prematurely terminates the protein product at Figure 1 . Schematic outline of the hypothalamic MC4R pathway with POMC, PCSK1, LEPR, Leptin (LEP), and the MC4R as critical mediators of appetite, energy expenditure, and body weight. Red crosses on each gene indicate that genetic evidence is available linking a genetic deficiency in each gene with severe early-onset childhood obesity and hyperphagia.
or before the last documented deleterious mutation of the gene (precedent for this criterion is in the BRACAnalysis CDxTM genetic testing label) or is shown or predicted, based on sound scientific principles, to lead to an LoF.
• Variants that:
s lead to the production of a protein with predicted changes to the amino acid sequence which, based on sound scientific principles, includes informative nonsense mutations, informative missense mutations, or informative frameshift mutations AND s exhibit clinical symptoms, either as published data or based on unpublished patient data, such as family pedigree data predicting high body mass index (BMI) segregation with the LoF variants.
s lead to the production of a protein with predicted changes to the amino acid sequence which, based on sound scientific principles, includes informative nonsense mutations, informative missense mutations, or informative frameshift mutations, AND s with epidemiological data that show an association of the POMC obesity deficiency variant with obesity based on published data or based on new studies involving epidemiology data, such as data that predict high BMI association with the LoF variants.
s lead to the production of a variant messenger RNA (mRNA) or protein with predicted changes to the amino acid sequence which, based on sound scientific principles, include informative nonsense mutations, informative missense mutations, or informative frameshift mutations AND s evidence that the variant shows impaired expression or functionality, which can include:
n expression of the mutant protein or the relevant ligand in a cell-based system providing evidence for LoF in a cell-based assay; LoF can be shown in tests where the variant ligand is compared with a positive control, revealing an impaired ability to activate the MC4R as either a full or partial agonist. n impaired ability to detect the mutated variant ligand protein at concentrations equivalent to that of the wild-type (WT) ligand. n inability to detect the enzymatic activity, at or near WT levels.
n reduced mRNA quantity or functionality or inability to detect the mRNA at or near WT levels. n novel nucleotide sequence changes that lead to previously documented LoF amino acid changes.
• Variants where expression of the variant ligand or enzyme replaces the WT ligand or enzyme in an in vivo/ex vivo preclinical model and shows LoF or reveals association with a metabolic phenotype, providing evidence for obesity as defined by significantly increased fat mass, when compared with the WT control gene.
• Genetic variants for which available evidence indicates a strong likelihood, but not definitive proof, that the mutation is deleterious (i.e., LoF based on computational modeling).
• Genetic variants for which a strong, clinically important response to an MC4R agonist (e.g., setmelanotide) is available.
Criteria for defining LoF group 2 variants (variants with minor allele frequency <0.1%)
• Available evidence indicates a strong likelihood, but not definitive proof, that the mutation is deleterious based on computational modeling with a DeepCODE score .0.9.
• The DeepCODE score had a .70% positive predictive value, based on our MC4R pathway data training set. We limited the missense variants to allele frequency about ,0.1% [in Genome Aggregation Database (gnomAD)] for nonpublished variants, because variants with a higher frequency probably would have been reported in previous studies if they had functional relevance.
• Although missense variants in POMC, PCSK1, and LEPR with computationally predicted high functional impact do not necessarily lead to loss or diminished protein functions, because of the lack of known gain-of-function variants, we reasoned that variants with the highest predicted functional impact exhibit likely LoF.
LoF variants as defined are scored according to the American College of Medical Genetics and Genomics guidelines to conform to the definitions of pathogenic, likely pathogenic, or variants of uncertain significance. In this effort, the rule-based approach just defined clarifies criteria that we will research further to support variant classification.
Prevalence estimate of LoF variant carriers
We calculated the frequencies of carriers and prevalence of homozygotes and compound heterozygotes in each gene by using the nucleotide sequence-based gnomAD data (available at http://gnomad.broadinstitute.org/, downloaded in November 2016). For each gene, we estimated the number of individuals with homozygous or compound heterozygous genotypes from the allele frequencies by using Hardy-Weinberg proportions. We assumed no negative selection of LoF variants. We also assumed random mating between obese and nonobese populations and between different races and ethnicities; however, nonrandom mating in these populations may increase the LoF frequencies within the obese population or in some races or ethnicities. Furthermore, because most of the variants are rare and in close physical proximity, we assume the mutations occurred on separate haplotypes and that a recombination event has not yet occurred between them. The CIs for each individual genotype were approximated with the derived variance (22) . For prevalence estimates, we used a US population size of 300 million, and prevalence was estimated per 100,000 individuals within each group.
Association analysis
Association of variants with obesity-related traits was done by regressing the genotypes of interest on either BMI or obesity, with age, age squared, sex, and six genetic ancestry measures as covariates. The BMI effect size (b) was computed with linear regression. The obesity ORs were computed by dichotomizing to severe obese cases (BMI .40 kg/m 2 ) and normal controls (BMI ,25 kg/m 2 ). Logistic regression was used to analyze the common variants, and Firth regression was used for rare variants. For burden tests, individuals with the relevant genotypes were grouped into a single test variable in the regression model and were compared with those with the reference (normal) allele (noncarriers or WT) for all variants tested. Meta-analyses of the different datasets and their subpopulations were performed on the individual study effect size estimates via a random effects model in the R metafor package (http://www. metafor-project.org/) to obtain an overall effect size estimate and P value.
Results
Known and predicted LoF genetic variants in POMC, PCSK1, and LEPR Using literature search criteria that covered genetic studies on severe early-onset MC4R pathway deficiency; obesity syndrome association studies of common variants with obesity; molecular functional studies; and predictive algorithms on genetic variants, we assembled a list of potential LoF genetic variants in the POMC, PCSK1, and LEPR genes (see Materials and Methods for a description of our rule-based approach to define LoF). All published variants were systematically evaluated based on a combination of factors including functional studies, identification in patients, prediction to be nonsense, categorization as frameshift or splice site mutation, categorization as likely impactful missense variants, and association with obesity, or segregation analysis, to create a list of 83 credible LoF variants (Table 1; Supplemental Tables 1-3) . We also queried publicly available genetic datasets including gnomAD and the UK10K and UK Biobank, along with Mt Sinai Hospital (MSH) internal data (Supplemental Table 4 ) for potentially novel LoF variants and found an additional 83 nonsense, frameshift, and splice site variants and 421 likely LoF missense variants identified through computational methods (Supplemental Tables 5 and 6 ; Supplemental Fig. 1 ). In total, our analyses included 587 known and predicted LoF variants, including 135, 231, and 221 variants in POMC, PCSK1, and LEPR, respectively (Table 1; Supplemental Tables 1-3 ). These variants were classified into two groups as described in Materials and Methods (Table 1 ). The locations of the group 1 and group 2 variants with respect to protein functional domains are outlined in Supplemental Fig. 2 . All the group 1 variants except PCSK1 N221D and POMC b-MSH R236G are rare variants with minor allele frequency (MAF) ,0.1%.
Prevalence estimation of LoF variants based on gnomAD analysis
Based on our curated list of group 1 and 2 LoF variants, we next estimated the prevalence of homozygotes and compound heterozygotes in the United States. These individuals represent the subpopulation predicted to be particularly responsive to setmelanotide. Allele frequencies in gnomAD (a database of~140,000 sequenced individuals of varying ethnicities) were used to compute cumulative allele frequency and to estimate prevalence of homozygotes and compound heterozygotes for each gene (see Materials and Methods for details and assumptions). The gnomAD database has an overall race and ethnicity distribution that is very similar to US census results (Supplemental Fig. 3 ; Supplemental Table 7 ). However, heterogeneity within racial and ethnic groups has not been studied, which is probably important for participants of Hispanic ethnicity. Based on a US population of 300 million, the estimated numbers of homozygotes and compound heterozygotes are 656 individuals (95% CI, 579 to 733) for a-MSH/POMC, 8546 (95% CI, 7368 to 9725) for PCSK1, and 3638 (95% CI, 3308 to 3967) for LEPR. In total, we predict just over 12,800 individuals in the United States who may have a genetically deficient (homozygous or compound heterozygous) MC4R pathway (Fig. 2) . This predicted patient population remains largely undiagnosed, because genetic testing is rarely performed in obese patients. Based on available preclinical and clinical data and the LoF status for each of the variants, we anticipate this patient population to respond to MC4R agonist treatment.
These estimates were restricted to rare variants. There are a small number of additional predicted LoF, b2MSH POMC, and PCSK1 alleles with frequencies .0.1%, but the impact of these variants on BMI is less clear. When we include these less rare alleles and combine a-MSH with b2MSH/POMC, 9914 (95% CI, 8474 to 11,354) homozygous or compound heterozygous individuals are predicted in the United States. For PCSK1, the N221D variant has evidence of association with obesity in epidemiological studies (23) (24) (25) (26) (27) (28) . Although functional studies have shown a modest, 10% reduction in PCSK1 activity in N221D mutants compared with WT (29) , it is possible that PCSK1 N221D may confer some level of dominant negativity on the remaining WT PCSK1 protein, thereby potentially increasing its impact (30) . When the PCSK1 N221D allele is included in prevalence estimates, 564,529 homozygous or compound heterozygous individuals (95% CI, 493,338 to 635,720) are predicted in the United States. For these b-MSH/ POMC and PCSK1 deficiencies, evidence that the mutations predispose to severe obesity and may confer MC4R agonist sensitivity remains to be established. Therefore, our conservative estimate of MC4R pathway deficiency, which excludes these less rare variants, assumes about 12,800 obese patients in the United States.
To determine whether proportional prevalence estimates vary by race or ethnicity, we calculated the cumulative allele frequency and genotype prevalence within each race or ethnic group (as defined in gnomAD), assuming preferential mating within the ethnicity (see Materials and Methods, Fig. 3 , and Supplemental Fig. 4) . We found substantial variability of predicted allele prevalence for the three MC4R pathway genes across race and ethnicity (Fig. 3) , suggesting that the identification of treatment target populations should consider ancestral background. Applying roughly estimated US racial or ethnic proportions from the 2010 to 2014 censuses to the gnomAD ancestry groups, we next estimated the cumulative US prevalence but allowed for violations of the random mating assumption by racial or ethnic group ["All (NRM)" in Fig. 3E ], and we compared this result to the original random mating estimates ("All" in Fig. 3E ). Overall, violations of the random mating assumption do not greatly affect the overall US prevalence estimates (a #25% increase). Stacked barplots for prevalence estimates of homozygous and compound heterozygous carriers of group 1 and 2 variants, listed separately, in (A) POMC a-MSH, (B) POMC, (C) PCSK1 without N221D, (D) PCSK1 with N221D, and (E) LEPR, based on the gnomAD database, which includes estimated ancestry data on a number of US races and ethnicities. Prevalence is reported as the number of homozygous and compound heterozygous LoF genotyped individuals per 100,000 individuals within each group. The "All" group is based on the overall gnomAD allele frequencies, and the "All (NRM)" group is based on nonrandom mating within ethnicities given the estimated percentage of individuals within each ethnic group in the United States. E, East; S, South.
Allele burden of LoF variants is associated with BMI and obesity in the UK Biobank
Beyond the known severe childhood obesity conditions defined by homozygous or compound heterozygous group 1 mutations in POMC, PCSK1, or LEPR, individuals carrying multiple LoF alleles across these three genes may also exhibit an increased risk for obesity because of a cumulative burden of genetic deficiency on the MC4R pathway. We hypothesize that if this cumulative genetic deficiency burden indeed affects the risk of obesity, it may also predict a clinical response to MC4R agonist treatment.
We therefore analyzed the 120,000 British individuals from the UK Biobank (31) to investigate whether allele burden of LoF variants within the three genes was associated with BMI. We first tested whether any individual variants in groups 1 and 2 were associated with BMI. We assume that because of the low frequency of these LoF variants and because the UK Biobank genetic data are genotyped, none of these variants were found to be statistically significant at the a = 0.05 level, except for the well-studied PCSK1 N221D variant [additive effect b = 0.14, SE = 0.04, P = 0.002, with genotypic effects presented in Supplemental Fig. 5B ]. Analysis of additional rare missense variants with MAF ,0.5% found a potential LoF variant in PCSK1, T640A (MAF 0.3%, b = 0.68, SE = 0.18, P = 0.00017; Supplemental Fig. 5B ), which was significantly associated with BMI. Because the effect sizes for N221D and the newly identified T640A variant were consistent across other populations and the overall effect was statistically significant (Supplemental Figs. 5 and 6), we add T640A to group 1, and both variants are also included in subsequently described allele burden tests. Including T640A in the PCSK1 prevalence estimate adds .33,000 individuals, mainly N221D/T640A compound heterozygotes.
We calculated the genetic burden across the populations for group 1 and 2 alleles, including PCSK1 N221D and PCSK1 T640A. We first examined those who are heterozygous for only one of the LoF variants and noted an association with higher BMI (b = 0.35, SE = 0.14, P = 0.012) when compared with individuals who did not carry these alleles (Fig. 4A) . We then evaluated those who carry two or more variants (have two or more alleles) and observed an association with higher levels of BMI (b = 2.79, SE = 1.16, P = 0.016) compared with those that do not carry these alleles (Fig. 4B) . To confirm that this result was not driven primarily by PCSK1 N221D because of its high allele frequency, and to evaluate the significance of the contribution from other group 1 or 2 variants on top of a heterozygous N221D background, we compared individuals who were heterozygous for N221D and at the same time heterozygous for another group 1 or 2 allele to those who were N221D heterozygotes without any additional variants. The additional allele on the N221D heterozygote background results in an association with a higher BMI of 0.57 in this population (P = 0.058, SE = 0.30, Fig. 4C ). Finally, we examined individuals heterozygous for LoF variants in at least two of the three genes (defined as a composite genotype). The number of individuals in this group was small (n = 234), and most of them carried one N221D allele. However, we still observed a strong trend toward an association with higher BMI (b = 0.52, SE = 0.32, P = 0.098) when compared with noncarrier or WT individuals (Fig. 4D) . We also saw a significant increase in the proportion of individuals with two or more group 1 or group 2 alleles in two or more genes in a single individual as we compared different BMI categories represented in the UK Biobank ( Fig. 5 ; P = 0.0008). Overall, the magnitude of association between POMC, PCSK1, or LEPR variants and BMI was small. This finding may be related to the lack of availability of sequencing data for these analyses, which may result in missing information on potentially high-effect variants that could affect BMI. Additional studies are needed to carefully define the magnitude of effects of carrying two or more LoF alleles in two or more genes. Nevertheless, these results support an association between a burden of LoF variants in the MC4R pathway and higher levels of BMI, in comparison with noncarriers of these LoF variants. Based on these findings we are now investigating whether the MC4R pathway LoF allele burden indeed predisposes patients to severe obesity (additional results from analyses on rare variants and allele burdens are presented in Supplemental Results, Supplemental Tables  8-10 , and Supplemental Figs. 7-9).
We also examined many common variants in these three genes that have been heavily studied in published genetic association studies for BMI and other anthropometric traits (see Supplemental Results for a description of the data and Supplemental Table 11 ). Our data on common variants in the MC4R pathway based on a polygenic risk score (Supplemental Results, Supplemental Table 10 , and Supplemental Figs. 10-11) indicate that it is likely that overall allele burden in the MC4R pathway when common alleles are superimposed on the monogenic impactful group 1 or group 2 alleles contributes to increased BMI. This effect is analogous to the substantial effect of the polygenic risk score of 94 common single nucleotide polymorphisms on the risk of breast and ovarian cancer in BRCA1 and BRCA2 rare LoF carriers (32) . It will be worthwhile evaluating to what extent these common alleles contribute to severe obesity when in combination with group 1 or group 2 alleles and predict sensitivity to MC4R pathway supplementation therapy, to mitigate severe obesity and its comorbidities.
LoF carriers in Mount Sinai BioMe Biobank
To assess the ease of identifying potential patients with MC4R pathway dysfunction, we evaluated the MSH Biobank for individuals potentially eligible (based on severe obesity) and responsive (based on genotype) for setmelanotide to facilitate a future phase II proof-of-concept clinical trial. Of~16,000 individuals, 1273 met the BMI $40 kg/m 2 requirement, of which 89 adults and 3 children or adolescents (.97th percentile for BMI) were carriers of one or more group 1 or 2 alleles, with a total of 15 distinct alleles detected. We identified three PCSK1 N221D homozygotes and 84 heterozygotes, including four b-MSH R236G carriers with BMI .40 kg/m 2 . A single composite genotype (an affected allele in more than one gene, thereby providing a potential MC4R pathway allele burden) was identified in a severely obese 5-year-old LEPR S274*, PCSK1 N221D carrier who shows other symptoms related to rare forms of PCSK1-deficiency childhood obesity, including repeated instances of gastroenteritis that began at 17 months of age (33) . Non-PCSK1 N221D allele carrier composites were not identified in this cohort.
Discussion
Our aim has been to initiate an analysis of the possible extent of the obese US patient population that is associated with diverse forms of MC4R pathway impairments and to unravel the importance of allele burden in this pathway for obesity. These studies are aimed at the genetic characterization of a patient population with MC4R pathway deficiency, predicted to be eligible for setmelanotide treatment. Because of the enormous defects in appetite regulation in these patients, bariatric surgery is unlikely to have . Forest plots for (A) effects of carrying one or more group 1 plus group 2 variants vs WT for all group 1 plus group 2 variants; (B) effects of carrying two or more group 1 plus group 2 variants vs WT for all group 1 plus group 2 variants; (C) effects of carrying only one copy of PCSK1 N221D plus another group 1 or group 2 variant vs N221D heterozygotes; and (D) effects of carrying two group 1 plus group 2 variants from different genes vs WT for all group 1 plus group 2 variants. The forest plots represent the estimated effect sizes and CIs for each dataset and subgroup. Groups that did not have any individuals with the tested variants are not represented in the plots. Each dataset is assigned a weight based on the inverse of the variance in the estimate, and thus larger or more homogenous datasets tend to have larger weights. The overall effect size and P value are a weighted average of these studies. A test of heterogeneity was also performed to determine whether the different studies had significantly different estimated effects (the I 2 statistic describes the percentage of variation across studies that is due to heterogeneity rather than chance). Beta reflects doi: 10.1210/jc.2018-00258 https://academic.oup.com/jcemclinical benefit, further underscoring the importance of pharmacotherapy with an MC4R agonist and genetic screening to determine eligibility for surgery. Through comprehensive epidemiological analysis of the MC4R pathway genes POMC, PCSK1, and LEPR, we estimate that there are~12,800 MC4R pathway-defective obese patients in the United States. The alleles that make up the repertoire of LoF variants in these three genes are based on a select set of LoF rules (see Supplemental Materials and Methods) that define variant function. The estimate of the US-based MC4R pathway-deficient population is based on random mating in the population, assuming Hardy-Weinberg equilibrium. Because we noted significant allele prevalence variability between racial and ethnic groups, where random mating assumptions in the United States may not hold, the prevalence of biallelic LoF obesity could be higher. When we assumed selected mating preferences within racial and ethnic groups, overall prevalence estimates increased moderately, bỹ 25%. Furthermore, it is known that biallelic LoF alleles result in early mortality, and therefore negative selection may have reduced our prevalence estimates in these adult populations. We therefore believe that the estimate of~1 2,800 a-MSH POMC, PCSK1, and LEPR biallelic rare allele (prevalence ,0.1%) deficiencies represents a conservative assumption of the prevalence of such patients in the United States. The number of potential patients with LoF increases if composite group 1 or group 2 genotypes contribute to severe obesity and if some of the more abundant group 1 and group 2 LoF alleles not considered in the prediction of~12,800 patients (such as POMC b-MSH and PCSK1 N221D, T640A) may predispose to severe obesity in some patients. Screening for these genetic risk factors is not part of routine medical practice, even though the pediatric endocrinology guidelines (11) now favor genetic screening for obesity. Newborn screening to detect MC4R pathway deficiencies can be predicted to improve patient identification and patient care. Based on previously published work and our analysis we believe that a discussion is warranted, aimed at defining an obesity gene panel for a severe obesity screening initiative, where early detection may lead to early intervention.
The selective MC4R agonist setmelanotide (34), uniquely within this class of compounds, promotes significant and persistent weight loss via appetite suppression (2) and increased energy utilization (35) , without evidence of adverse cardiovascular effects. Preliminary support for lack of effects of setmelanotide on cardiovascular parameters was initially obtained in a preclinical obese primate model (36) and subsequently in clinical trials, including in patients with general obesity (37), MC4R haploinsufficiency (3), POMC (2), and LEPR deficiency (1). Weight loss from setmelanotide treatment in the general obese and MC4R heterozygous populations was noted at~0.9 kg/week and~0.6 kg/week (3), respectively. Setmelanotide treatment of two adult patients with genetic POMC deficiency not only completely normalized hyperphagia, leading to rapid weight loss, on the order 2.5 kg/week (primarily through fat mass reduction), but also improved hyperleptinemia and hyperinsulinemia (2) . Furthermore, one patient had significant reductions in blood pressure and heart rate, and neither patient had any serious side effects (2) . We aim to incorporate genetic MC4R pathway deficiency in the proposed efficacy evaluations of setmelanotide applied to specific MC4R pathway-impaired patient populations, exemplified in this study.
We provide evidence that allele burden in the MC4R pathway can contribute to obesity. Interestingly, our allele burden analysis provides evidence of an impact on BMI, even though we have thus far tested only variants in the POMC, PCSK1, and LEPR genes. We anticipate that many other genes will play a role in MC4R pathwaymediated obesity. For example, mutations in the protein complex of the basal body of primary cilia, as characterized by BBS, predispose to obesity and are believed to impair LEPR and MC4R signaling. This assertion is further supported by the finding that several BBS knockout rodents retain sensitivity to the melanocortin agonist melanotan II (38) . Indeed, we have recently shown that patients with BBS are sensitive to setmelanotide treatment (18) . Furthermore, there is evidence of allelic burden in BBS where a specific composite genotype in the Newfoundland population with BBS is proposed to contribute to BBS allele burden and obesity (39) . Similarly, mutations in the 5HT2C gene lead to obesity in rodents while remaining responsive to melanotan II, befitting its positioning as an afferent regulator of POMC neuron function (40) . We anticipate that monogenic forms of MC4R pathway obesity, in addition to the genes listed earlier, may include carboxypeptidase E deficiency (41), Alström syndrome (42), Smith-Magenis syndrome (43) , Magel2 deficiency as in Schaaf-Yang syndrome, Prader-Willi syndrome (15) , and potentially hyperphagia and obesity in fragile X syndrome (44) . We are in the process of defining which of these genetic deficiencies are involved in regulation of the MC4R pathway so we can develop clinical trials to assess the utility of setmelanotide therapy in each of these patient populations. We also plan to enroll severely obese patients with a burden of different MC4R pathway alleles to determine setmelanotide responsiveness for weight loss. Interestingly, our data indicate that some heterozygous LoF alleles, and some common alleles in these genes, may contribute to the prevalence of obesity. As demonstrated, a polygenic risk score that aggregated common and group 1 and group 2 alleles was associated with both BMI and obesity (Supplemental Results; Supplemental Table 10 ). However, based on published data for these common alleles, we predict that in the absence of an LoF group 1 or group 2 allele, these common alleles cannot significantly contribute to severe obesity. We conclude that overall MC4R pathway allele burden may outline a risk for increased BMI and severe obesity, where a core of impactful LoF alleles appears essential for MC4R pathway dysfunction. Establishing the response to setmelanotide in the severely obese patient population for these diverse classes of MC4R pathway dysfunctions is a complex genetic and clinical challenge. Because the rank order of treatment sensitivity to setmelanotide or other MC4R agonists, in the analysis of selected monogenic defects in the MC4R pathway, correlates well when compared between rodent and human physiological responses (1-3, 15) , we have excellent preclinical and clinical models at our disposal to further unravel MC4R pathway genetic contributors to obesity.
Our study has several limitations. First, the prediction of LoF allele status is based on several assumptions, all of which may have affected our results. Whenever possible, we applied conservative metrics to define allele function. These metrics are summarized in Materials and Methods, where we outline a set of rules that define whether a variant can be considered LoF. However, group 2 variants lack experimental data from biochemical or pharmacological studies, and additional research comparing diverse alleles in standardized cell based assays is needed to shed light on a variant's relative LoF status. Second, the detection of indels is compromised by false positives and false negatives, and thus we may be missing important frameshift or copy number variants. Here, common variants associated with BMI might be of use for tagging haplotypes or rare indels that are functional but difficult to detect, with the caveat that these are predicted to be population specific and may not carry across race or ethnicity because of differences in linkage disequilibrium structure. Third, we were underpowered to detect associations between rare variants and BMI. For example, although we identified several b-MSH variants, including R236G (a weak partial MC4R agonist), Y221C, and E206X, an association with obesity could not be confirmed in the UK Biobank. Some POMC b-MSH alleles have been correlated with obesity in previous studies, including two studies in humans and a study in obese Labrador dogs (45) (46) (47) . If these variants are indeed LoF, with a causative role in severe obesity, our lack of detection may reflect the limited sample size or a less obese UK Biobank population (Supplemental Fig. 12 ). Considering the biochemical evidence supporting reduced functionality of the R236G variant (48), we are testing in a clinical trial whether the R236G allele carriers respond uniquely to setmelanotide to assess its functional relevance in the MC4R pathway. Fourth, there could be larger environmental effects in a population, more diverse genetic effects, or different genetic effects because most variant discovery occurred in European populations. Fifth, we could be missing synonymous variants that are cryptic splice sites. Sixth, our data indicate that it is critical to pay close attention to the race and ethnicity of the population under study. Enrichment for unique alleles will probably occur in selected isolated populations, where specific alleles can be found at unusually high prevalence (49) . This consideration, in conjunction with the identification of a cumulative or synergistic genetic burden for obesity, highlights the complexity of the planned clinical studies aimed at unraveling the MC4R pathway, where we anticipate that evaluation of numerous subgroups with specific genotypes will be necessary to determine the validity of MC4R pathway deficiency and drug treatment responsiveness. Finally, the UK Biobank does not have sequencing data, and therefore many rare and interesting alleles will be missing, making the genetic burden test an underrepresentation of the actual allele burden effect.
We initiated a broad array of collaborative efforts with existing biobank and electronic medical record datasets, aimed at evaluating the genetic and clinical etiology relationships in the MC4R pathway. We anticipate that genes of interest will continue to be identified in this pathway. For example, it has been recently reported that LoF mutations in ADCY3 colocalizing with MC4R at the primary cilia of hypothalamic neurons are causal for monogenic severe obesity, highlighting the importance of ADCY3 as a therapeutic target for obesity (50) (51) (52) (53) . We aim to use a similar approach as described in this study for these genes, to identify relevant variants, estimate prevalence, and determine the cumulative impact on BMI, based on the notion that LoF allele burden can drive severe obesity. In addition, focused nucleotide sequencing efforts are being initiated for newly recruited severely obese patients, where we will expand the gene panel to includẽ 100 candidate MC4R pathway genes and compare them with available nucleotide sequencing data from normal-weight controls. We anticipate that these efforts will shed light on the genetic factors that contribute to MC4R pathway deficiency and severe obesity.
In summary, we conservatively estimate~12,800 patients with biallelic MC4R pathway LoF in the United States. Our rule-based approach to identify LoF variants and stratify MC4R pathway-deficient patients provides a controlled route to the continued discovery and expansion of MC4R pathway variants. Our data indicate that MC4R pathway deficiency in the three canonical genes studied here contributes to obesity and can lead to a cumulative burden of LoF alleles, thus explaining important genetic aspects of severe obesity. Finally, we aim to test whether obese populations with diverse MC4R pathway genetic deficits may benefit from setmelanotide treatment of body weight control.
